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The bacterial cell has a rigid wall which sur- inopimelic acid in addition. Cummins and Harris
rounds the cytoplasm enclosed within a mem- (5, 6) investigated the cell-wall composition of a
brane. A slimy capsular layer may lie on the large variety of bacteria belonging to different
outside of the wall but the composition of this genera and their results allow an important
material is not considered in the present con- generalization to be made. They used paper
tribution. Important findings relating to the chromatography to identify the amino acids,
chemical composition of cell walls have been amino sugars, and other sugars present in acid
reported in a number of articles or reviews hydrolyzates of walls isolated from gram-positive
(1-3) and a brief account of some of them is bacteria and found that only three or four
given. The second part of this contribution pre- amino acids were present in each wall prepara-
sents some of the results obtained from work tion; these were alanine, glutamic acid, either
with spore-bearing organisms of the genus diaminopimelic acid or lysine, and sometimes
Bacilus. also aspartic acid, glycine, or serine. In the case
Knowledge of the chemical composition of of some cell walls containing lysine and aspartic

bacterial cell walls has accumulated over a acid, a cyclic peptide of these two amino acids
relatively short time and its present status owes was found in acid hydrolyzates. This substance
much to Salton and Home (4) who developed a is probably not present as such in the cell wall
method, now widely used, for the preparation of but is formed during acid hydrolysis. A similar
essentially homogeneous walls from mechanically cyclic peptide was obtained from bacitracin by
disrupted cells. The purification procedure Swallow and Abraham (7). Other amino acids
consisted of washing the homogenates with were sometimes present in trace amounts.
buffer solutions and differential centrifugation. Glucosamine and muramic acid were always
Walls used for chemical analysis were shown to present and sometimes galactosamine. The
be free from cytoplasmic material by the use of distribution of sugars varied greatly among the
electron microscopy. Cummins and Harris (5) species. Cunmins (1) suggests that "each bac-
have included treatment of the isolated walls terial genus may have a distinctive pattern of
with trypsin and ribonuclease followed by pepsin cell wall constituents, in particular among the
as additional steps in purification. Under the amino acids present." Application of this prin-
electron microscope, the separated walls ap- ciple may prove useful in the field of bacterial
peared as collapsed, balloon-like structures. The taxonomy. For example, Corynebacterium
preparations contained lipids, phosphorus, hexo- pyogenes gave rise to a mutant which was in-
samine, amino acids, and usually carbohydrate distinguishable from Corynebacterium haemo-
but no nucleic acid. lyticum and analysis showed glucose to be

Investigation of cell walls from a few bac- present in the walls of C. pyogenes but absent
terial species showed a marked difference be- from walls of the mutant (8). On the basis of
tween the composition of those from gram- cell-wall analyses it was suggested that neither
positive and gram-negative bacteria (2). Walls organism is a Corynebacterium species and that
from gram-negative bacteria contained 10 times taxonomically both organisms belong to the
more lipid and 10 times less hexosamine than genus Streptococcus. In the Actinomycetales,
those from gram-positive organisms; the number cell walls were found to contain sugars, amino
of amino acids present was greater and included sugars, and amino acids (few in number) and
most of those found in proteins, with diam- thus resembled those of gram-positive bacteria.

I Based on a presentation before the . The mycelial walls of fungi are composed en-

on Bacterial Cell Walls, April 30, 1958, at the 58th tirely of carbohydrate and therefore the Actino-
Annual Meeting of the Society of American mycetales should not be classified with them
Bacteriologists held in Chicago, Illinois. but with the bacteria proper (9). Cell wall
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composition of the Actinomycetales has also Weidel and Primosigh (17) have shown that
been investigated by Sohler et al. (10) with the "basal structure" is present in cell walls of
similar results. However, on the basis of cell- Escherichia coli. In this organism the cell wall is
wall composition, Bacillus sphaericus would composed of two layers and one of these is com-
present a problem to the taxonomist. Vegetative posed of lipoprotein. Extraction with 90 per
cells of three varieties of this species contained cent phenol dissolved the lipoprotein and the
no diaminopimelic acid whereas spores contained remaining layer possessed the chemical composi-
normal amounts (11). This amino acid was pres- tion typical of a gram-positive organism; it
ent in vegetative cell walls from all other mem- supplied rigidity to the whole cell-wall structure.
bers of the Bacillus group studied. Similar investigation of cell walls from other

Certain amino acids found in walls are present gram-negative species will probably show that
as the D-isomers. In cell walls of Streptococcus they all have the "basal structure" present.
faecalis, 25 per cent of the total alanine and 85 Soluble nondialyzable components (peptides)
per cent of the total glutamic acid were the D- with the characteristic composition of the cell-
isomers; walls from a Lactobacillus species con- wall "basal structure" have been isolated from
tained some D-lysine whereas 65 per cent of the exudates of germinating spores (18, 19). An es-
total glutamic acid and 54 per cent of the total sentially homogeneous component isolated from
alanine were the D-isomers (12, 13). Park and Bacillus megaterium spore exudate had a mo-
Strominger (14) showed that in cell walls of lecular weight near 15,000 (20). After acid hy-
Staphylococcus aureus 45 to 50 per cent of the drolysis, the following constituents were found:
total alanine and 92 to 100 per cent of the total glutamic acid, alanine, and diaminopimelic
glutamic acid were in the D-form. Salton de- acid (in the molar ratio of 1:3:1), muramic
tected D-alanine in acid hydrolyzates of cell acid, glucosamine, and acetic acid, with a small
walls by treating developed chromatograms quantity of carbohydrate. All the glutamic
with D-amino acid oxidase followed by 2,4 dini- acid and 25 per cent of the alanine were present
trophenylhydrazine. The isomer was found to be as the D-isomers (21). The peptide has been
present in cell walls of a large variety of or- used as a source for isolation studies (22) of
ganisms (15). The most commonly found isomer muramic acid, a simple method for isolating
of diaminopimelic acid in cell walls is meso (16). which in crystalline form is shown in figure 1.
It has been suggested (3) that the function of The amino sugar was provisionally identified as
the D-isomers might be to render the walls re- 3-O-a-carboxyethylhexosamine (23). This struc-
sistant to digestion by proteolytic enzymes. In ture has been confirmed by synthesis (24)
some cases, resistance to attack by such enzymes (figure 2), the infrared spectra of the natural and
as trypsin or pepsin could be equally well ex-
plained as being due to the absence in cell walls 6 NHCI hydrolysate Dried down, Rsidue H0 D Neutral
of certain amino acid linkages known to be re- sport PtW (MO In + IR4(OH) Solution

quired for hydrolysis to occur. /
According to Work (3), the results of analyses Anin /

of walls point to the existence in gram-positive Glutonic Acid

bacteria of a common "basal structure" contain- MurtO0 tCI luric Acid
ing the following constituents: a hexosamine
component comprising glucosamine and muramic
acid and sometimes also galactosamine; a peptide
component made up of alanine, glutamic acid, R/RU0 D//// S0
and either diaminopimelic acid or lysine with M. AminoSO"v
sometimes also glycine, aspartic acid, or serine; jHSugar Et ON
usually a polysaccharide containing not more Dried

that four different sugar residues. Other sub- I
stances may also be attached to the walls, as aW mlandnMradcAM Nd ALS
for example the protein antigens (1). It should Gutamkumic Aid
be emphasized that diaminopimelic acid and Figure 1. Isolation of muramic acid from Ba-
lysine appear to be mutually exclusive. cillus megaterium spore peptide.
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(1) CHOCHs

(2) CHNHAC OHS CH,
I N&H ~~~~~~~~~~~~~~~AI

(3) CHOH (3) CHONa COOEt (3) CHO-CH-COOEt
01

(4) CHO H

(5) HHCoC6oN H

(6) CH20
MURAMIC ACID

N-acetyl4,6-0-benzylidine-a- +
methyl-D-glucosaminide ISOMER

Figure 2. Synthesis of muramic acid (24)

synthetic substances being identical. Muramic (25). In the case of B. megaterium, the prepara-
acid possesses carboxyl and reducing groups and tions contained relatively large amounts of the
in the cell wall, where it is present as the N- peptide constituents and these were released as
acetylated derivative, it possibly links an amino a nondialyzable component on incubation of the
acid via a peptide linkage (14) to hexosamine coats suspended in buffer solutions. Spore coats
via a glycosidic linkage. of BaciUus cereus contained little peptide but
Muramic acid reacts as a hexosamine when spore extracts and exudates contained relatively

the usual methods of detecting or determining large amounts. Peptide release from the coats
amino sugars are used. It can be distinguished could have been due to the activity of an enzyme
from other naturally occurring hexosamines in system which was activated during germina-
the following ways: (a) in the Elson and Morgan tion or mechanical disintegration of spores.
reaction or modifications of it, muramic acid Results obtained during an investigation of the
gives a colored derivative with an absorption biochemical changes occurring during sporula-
maximum at 510 to 520 m/A (19, 22), whereas tion in Bacillus species (26) gave support to
derivatives of glucosamine or galactosamine this hypothesis. B. cereus was grown in potato-
have absorption maxima near 530 mp; (b) on extract medium and cells at various stages of
treatment with ninhydrin, followed by chro- growth and sporulation were harvested. After
matography, the product from muramic acid washing, the bacteria were disintegrated and
reacts as a pentose but has an Rf value different separated into soluble and insoluble fractions.
from that of ribose, xylose, lyxose, or arabinose The results of analysis of the fractions for
(22); (c) in Barker and Summerson's test for diaminopimelic acid and amino sugars showed
lactic acid, muramic acid gives a positive reac- that in nonsporulating cells, these constituents
tion (23). It is easily separated from glucosamine were associated with the insoluble fraction,
or galactosamine by means of the ion-exchange whereas in sporulating cells and spores they ap-
resin IR-120 buffered to pH 6.05 (22). Muramic peared in the soluble fraction (table 1). Also, an
acid is not absorbed by the resin whereas the extract of sporulating cells released material
other two amino sugars are. containing diaminopimelic acid and amino
The significance of the presence of peptide in sugars from the insoluble fraction of nonsporu-

spore exudates was not understood and Cum- lating cells. The insoluble fractions consisted
mis (1) suggested that it could be a "soluble essentially of cell walls and it appeared that a
fraction of the cell wall elaborated by the germi- cell-wall lytic enzyme was present in sporulating
nating protoplasm." This seemed unlikely since cells and spores. Extracts of apparently clean
similar peptides were present in extracts of resting spores of this organism and of Bacilus
mechanically disintegrated resting spores (19). anthracis contained lytic enzyme, which was
Coats were isolated from disintegrated spores partially purified (27). With a substrate of cell
and their chemical composition was investigated walls, previously heated at 100 C for 15 min to



4 R. E. STRANGE [VOL. 23

TABLE 1
Change in distribution of diaminopimelic acid between the insoluble and soluble fraction of Bacillus cereus

cells during sporulation (26)

Whole Cells Insoluble Fraction Soluble Fraction

Age and Appearance of Cultures Hexo- Hexo- Hexo-
samine; DAP* samine; DAP samine; DAPg/lO g g/lO0 g g/lO0 g
dry wt dry wt dry wt

6 hr, vegetative............................... 13 + 38 ++ 3.7
12 hr, vegetative............................... 12 + 37 ++ 2.2
14 hr, first signs of sporulation................. 13 + 35 ++ 4.4
16 hr. sporulating..............................13 + 4.8 Trace 8.4 +
18 hr, sporulation almost complete.............. 13 + 3.2 Trace 12 +
36 hr,free spores ............................... 8.1 + 1.8 - 9.2 +

* Diaminopimelic acid; +, 1 to 2 per cent; ++, 2 to 4 per cent.

prevent spontaneous lysis, optimal lytic activity coat around spores of several Bacilus species.
occurred near 57 C and pH 7.5 and was stimu- Spores of several varieties of B. cereus had exo-
lated by the presence of Cow, Mn+, Cu+ and sporia whereas these structures appeared to be
Ni++. The main product of lysis was a non- absent from spores of B. megaterium and B.
dialyzable component containing the characteris- subtilis. It seems, however, that in Bacillus
tic constituents of the "basal structure." The species at least, the greater part of the vegeta-
lytic enzyme also attacked cell walls from other tive cell wall is dissolved away before the de-
Bacillus species. In order to show that the func- veloped spore is released. If this is true, then
tion of the enzyme in the germinating spore was soluble components containing the characteris-
to release peptide from the coat it was necessary tic constituents should appear in the medium
to obtain spore-coat preparations which con- during spore release. Culture filtrates from B.
tained significant amounts of the enzyme sub- cereus organisms at various stages of growth and
strate. When coats were isolated from spores of sporulation were hydrolyzed and the hydro-
B. cereus which had been disintegrated in buffer, lyzates analyzed for amino sugars and diam-
pH 9.6, they were found to contain nearly three inopimelic acid (28). Results showed that a
times the hexosamine present in coats from large increase in the concentration of these
spores disintegrated at pH 7.0. The hexosamine- substances in the culture filtrate occurred during
rich spore coats, previously heated at 100 C for spore release (table 2); they were found to be
15 min to prevent spontaneous release of peptide, present in a nondialyzable peptide of the char-
were incubated with an extract from spores dis- acteristic type. It was concluded that at least
integrated at pH 7.0. Peptide was released part of the sporangial wall was dissolved away
which established that the coats contained sub- to allow release of the spore. It appears likely
strate for the lytic enzyme present in spores. that the exosporium of B. cereus does not have
Peptide was also released from spore coats of B. a composition similar to that of the vegetative
megaternum by the action of the enzyme from B. cell wall, from the results obtained by Dr. J. R.
cereus spores. The lytic enzyme did not attack Norris of Leeds University (personal communica-
intact resting spores. tion). He treated spores with a highly active
The spore develops in the vegetative cell, preparation of lytic enzyme from B. cereus

which thus becomes a sporangium. It is by no spores and examined the effect by means of
means certain what happens to the vegetative electron microscopy. No evidence of lysis of the
cell wall when the spore is released. In Clos- exosporium was obtained.
tridium species it appears that at least part of It was not known whether the enzyme present
this structure is retained as an outer membrane in spores, or another enzyme, was responsible
around the spore. It is the opinion of some for lysis of the sporangial wall during spore re-
workers that the wall of the sporulating cell lease. When thick suspensions of washed sporu-
forms the exosporium which exists as an outer lating cells of B. cereus were incubated in buffer
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TABLE 2 treating suspensions of viable cells in sucrose

Diaminopimelic acid (DAP) and amino sugar con- solutions of appropriate osmotic pressure with
tents of acid hydrolyzed culture medium-filtrates lysozyme (30). Relatively stable suspensions of
from vegetative and sporulating cells of Bacillus protoplasts of B. megaterium and B. cereus were
cereus (28) obtained when suspensions of viable organisms

Culture Medm min sucrose solutions at pH 7.5 were incubated
Incu- Filtrates with enzyme preparations from sporulating
bation Dry Wt cells of these organisms (31).Period State of Cells Cells/ Amino
of Cul- ml sugars Peptides from spores and vegetative cell walls
ture DAP (as glu-cosa- of B. megaterium were attacked by lysozyme;

mine) digestion mixtures gave positive results for N-
hr mg pg/ml pg/ml acetylhexosamine and reducing sugars (25, 27).

10.5 Vegetative forms 1.37 1.8 20.0 Spore peptide was broken down into approxi-
17.75 Intracellular spores 1.40 3.0 24.0 mately equal proportions of dialyzable and non-
18.75 Intracellular spores 1.40 4.4 32.0 dialyzable fractions, both of which contained
22.0 Spores 1.30 9.0 85.0 all the basal cell-wall constituents; a dimer of

hexosamine and muramic acid found by Salton

at37 C, a partial autolysis occurred, resulting (32) in lysozyme digests of whole cell walls wasat 37C, a partial autolysis occurred, resulting as rsn nsoeppiedgss rae
in the freeing of mature and immature spores d radatin sporepor vegetai ceall
(28). The autolysate contained lytic enzymes
which attacked vegetative cells and cell-wall peptides occurred in the presence of an extract

preparations, releasing peptides of the charac- of the gut of Helix aspersa which contains f-
constitution. Two water-soluble lytic glucosaminidase (33). Thus it is evident that

systerstic with pH optima near pH 4.5 and 8.0 the cell-wall lytic enzymes present in sporulatingsystems, with pH optima near pH 4.5 and 8.0,celorsrsdifrrmlyzmead -
respectively, were separated from the autolysate. . .
Activity of the enzyme with a pH optimum of glucosaminidase in their mode of action.
pH4.5wasunffectebytThe lytic enzymes of sporulating BacilluspH~~4*a nfetdb thepeec fC+

species appear to be involved in the sporulationwhereas the activity of the other enzyme was s a t
prglstcycle; as a result of their activity, soluble peptideprogressively stimulated in the presence of ln- .tra isrlae rmth prnilwl

amut ofthi in(o 100 / material is released from the sporangial wallcreasing amounts of this ion tO to 10 jug/ml).mcreasiprobable that the enzyme most active atand from the spore coat. Other lytic enzymesItpis probable ttesenzymemos active t associated with Bacillus species have been de-
pH ~ ~ ~ ~ .8..ntepeecf o sietclt scribed (34-36). An autolytic substance ob-

the one found in extracts of disintegrated spores.
No evidence was found for the presence of the tained from sporulating cultures of B. cereus var.

other*yticenzymeinsporesofB.cereu. The aterminalis lysed whole vegetative cells of this
ptheresencenofzgym active cellswo]Bclyic z es organism (34) but the enzyme substrate was not
iresncsporainghell andcthe aelwaranlic enzymo s defined. The activity of a lytic enzyme demon-
bl celrul-alln c oensindthemppediumcofdur strated in autolysates of B. subtilis vegetative
spore release suggonetstt the vegive cell cells (35) resembled that of the enzymes de-spore release suggest that the vegetative cellsrbdntakigvgttvtel alpeaa
wall as such does not form the exosporium of B. s d ations of this organism; this system appeared in
cereus spores. Using suspensions of highiy punl- nnprltn utrs atroyi m.. .. ~~~~~nonsporulating cultures. A bacteriolytic prin-fled vegetative walls from nonsporulating cells as
substrate,~~~enym prprtosprdcda9 ciple associated with nonsporulating cells of B.

pebsracen dropyi trbidity. cereus (36) attacked the protoplast of this or-
per cent drop in turbidity. gnslaigtecl alaprnl n

Lytic enzymes with similar activity have gansm, leaving the cell wall apparently un-
been obtained from sporulating cells of other changed.
Bacillus species. Their action on cell walls and In this contribution, attention has been
on heat-killed, intact vegetative cells resembles focused on the "basal structure" of cell walls
that of lysozyme. Lysozyme attacks cell walls and peptides of similar composition found in
specifically (29) and it also attacks certain spores. Other important components of cell
mucopolysaccharides of animal origin. Proto- walls have not been considered. Work (3) sug-
plasts of various bacteria have been obtained by gests that "the general inference to be drawn on
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over-all structure of bacterial cell walls is that walls of the Actinomycetales. J. Bacteriol.,
they consist of an insoluble groundwork of 75, 283-290.
chains of acetylated glucosamine and muramic 11. POWELL, J. F. AND STRANGE, R. E. 1957
acid bound in some unspecified way to peptides; a,e-Diaminopimelic acid metabolism and
polysaccharide units and phosphorylated con- sporulation in Bacillus sphaericus. Bio-
pouns may acclsobe attached." An exampnylaeof- chem. J., 65, 700-708.
pounds may also be attached." An example of 12. SNELL, E. E., RADIN, N. S., AND IWAKA, M.
another unit attached to the basal structure is 1955 The nature of D-alanine in lactic acid
the polysaccharide of B. anthracis (37, 38) bacteria. J. Biol. Chem., 217, 803-818.
which contains equivalent amounts of galactose 13. IWAKA, M. AND SNELL, E. E. 1956 D-
and acetylglucosamine with a small peptide Glutamic acid and amino sugars as con-
moiety. It was found that the peptide moiety stituents in lactic acid bacteria. Biochim.
contained diaminopimelic acid and muramic et Biophys. Acta, 19, 576-578.
acid (39), suggesting that it was composed of 14. PARK, J. T. AND STROMINGER, J. L. 1957
cell-wall peptide. Mode of action of penicillin. Biochemical

basis for the mechanism of action of penicil-
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